Abstract-An acoustic barrier has been demonstrated using a time-reversal mirror. The experiments, at 3500 Hz, utilized a source-receiver array, a probe source collocated with a receive array, and an echo repeater to emulate a disturbance. The successful demonstration is based on the idea that a disturbance such as an object between a time-reversal mirror (TRM) and its focus will significantly disturb the focal region and, in particular, the quiescent region.
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I. INTRODUCTION
R ECENTLY, time reversal has been demonstrated to be a robust acoustic phenomenon [1] - [5] . In particular, the ocean acoustics experiments [2] - [4] have demonstrated a robustness suggestive of system implementation. Here, we present results that demonstrate the utility of a time-reversal mirror (TRM) functioning as the central component of an acoustic barrier.
The classic difficulty in constructing an acoustic tripline barrier is that the scattered field must be extracted from the usually much more intense and usually fluctuating direct-arriving beam, i.e., "looking into the sunlight effect." The shadow is the destructive interference between the unscattered field and scattered field from the object. Diffraction limits [6] and other effects make it difficult to detect this disturbance.
We address the issue of the direct blast by localizing it using a TRM that focuses on a probe source position; in our case, five kilometers away in 110-m water depth. We have already shown in previous work [2] - [4] that the acoustic field above and below the focus is typically 15-20 dB less than the field at the focus. A disturbance between the TRM and the focus will fill in the quiescent region. The detection of a disturbance in the quiescent region is the diagnostic of the tripwire barrier. If the field is maintained continuously by refreshing the TRM focus, then acoustic fluctuations caused by oceanographic disturbances are eliminated [7] . 
II. KINEMATICS OF ACOUSTIC BARRIER
We schematically represent the barrier in Figs. 1 and 2, which also represents the experimental configuration from which results will be presented below. A probe-source (PS) signal is received on a 29-element source-receive array (SRA), time reversed and transmitted, focusing at the original PS position. When an object is placed in the back-propagated field, the field is disturbed. This can be simulated by combining a mode model with a waveguide target formulation [8] . without and with the object is shown in Figs. 3 and 4 . Clearly, the scattered field of the object fills in the quiescent region.
We can estimate the effectiveness of such a barrier just by using some simple sonar equation arithmetic. First, we consider the non-TRM barrier of either a single source or a broadside pulse from an array, the latter being the more general case. The source array provides coherent gain (AG) over the level of an individual source. With transmission loss (TL) over the whole path and a noise level (NL), we can estimate the signal-to-noise ratio (SNR) at the other end of the barrier without an object to be SNR SL AG TL NL
Whereas, for an object of target strength (TS) at mid distance, we have
The (far-field) target strength associated with the shadow of an object of projected cross-section area can be approximately by [9] TS (3) where is a wavelength. Typical numbers in the experiment are a range of 5 km, frequency of 3500 Hz ( m), 29 elements, each with nominal source level of 178 dB// Pa at 1 m. At this frequency, TL is on the order of 65 dB and the NL is about 80 dB in bandwidth of the signal (100 Hz).
Consider the SNR at the 5-km range without the target, which can be considered the background SNR with the object. We have a SNR of dB by using (1). Now consider the TS of a 60-m 5-m object. From (3), we have TS dB. We now have a SNR of dB by using (2) . Hence, in this configuration, we would be trying to pick out a fluctuating signal whose mean is 3 dB below the fluctuating background. For a smaller object, the scattered field would be less, making the simple barrier even more intractable. Now consider using the focused field from the TRM. As shown in Figs. 3(a) and 4(a) , the quiescent regions are of order 15-20 dB quieter than at the focus. Therefore, in these originally quiescent regions, a disturbance should provide a detectable signal level above the background without array processing ("deflected direct blast"), suggesting that the TRM tripwire is a viable concept. Below we present experimental results confirming this estimate.
III. EXPERIMENT
During the time-reversal experiment conducted in June 2000, we investigated the acoustic-barrier concept using a 6-element echo repeater at 65-m depth drifting along the R/V Alliance, which traversed the tripline between two moored vertical arrays separated by 5 km in 110-m water depth, as shown in Fig. 1 . Fig. 2 shows a schematic of the experiment. A 10-ms CW pulse from the PS at the bottom of vertical receive array (VRA) is received and time reversed at the SRA. The transmitted signal is then refocused at the PS location of the VRA. This time-reversed signal is also captured by the echo repeater simulating the disturbance and is retransmitted to the VRA with various amplitudes simulating different target strengths. Fig. 5 illustrates the net system gain of 56 dB obtained from the six-element echo repeater simulating scattering from an object in the forward direction. For comparison, non-TRM (one-way) broadside transmissions were also made.
Figs. 3 and 4 show examples for a probe source at 43-and 83-m depth, respectively. In Fig. 4 , with an appropriate time delay, the main blast and the echo-repeater signal arrived at the VRA simultaneously. Clearly, the energy distribution as a function of depth in panel (c) demonstrates that the TRM barrier (red) can exploit the quiescent region below and above the focus for target detection as described in Section II: e.g., around 50-90-m depth in Fig. 3 and 40-70-m depth in Fig. 4 . Again, we can further increase the gain by array processing. On the other hand, the non-TRM broadside transmissions in panel (f) show similar random characteristics along the entire water column whether a target is present or not, making it difficult to distinguish between environmental fluctuations and a target disturbance. He was with Marconi Italiana, where he was involved with communication systems. In 1981, he joined the Engineering and Technology Department of SACLANT U.R.C., where he was mainly involved in the design of acquisition systems and acoustic arrays. He has been involved in a variety of projects and scientific sea trials.
